We investigate how the bias current affects the hot-spot relaxation dynamics in niobium nitride. We use for this purpose a near-infrared pump-probe technique on a waveguide-integrated superconducting nanowire single-photon detector driven in the twophoton regime. We observe a strong increase in the picosecond relaxation time for higher bias currents. A minimum relaxation time of (22 ± 1) ps is obtained when applying a bias current of 50% of the switching current at 1.7 K bath temperature. We also propose a practical approach to accurately estimate the photon detection regimes based on the reconstruction of the measured detector tomography at different bias currents and for different illumination conditions. 1567-1570 (2007). 9. C. P. Dietrich, A. Fiore, M. G. Thompson, M. Kamp, and S. Höfling, "GaAs integrated quantum photonics:
Introduction
Thanks to their high detection efficiency and outstanding timing characteristics, superconducting nanowire single-photon detectors (SNSPDs) have been established as a reliable solution for broadband optical detection of single photons, overcoming the limitation of more traditional solid state devices such as single-photon avalanche diodes, especially at telecom wavelengths [1] [2] [3] . SNSPDs integrated atop nanophotonic waveguides [4] [5] [6] [7] represent a ready-to-use building block for quantum optical experiments on chip [8, 9] , enabling, for instance, correlation measurements and single-photon source characterization within integrated optics devices [10] .
SNSPDs transduce the absorption of a photon in a recordable electric signal generated by the suppression of superconductivity in a localized region of a superconducting nanowire. Therefore SNSPDs act as binary (on-off) detectors [11] . This means that they are able to provide only two possible measurement outcomes: a recordable electric pulse or its absence. A detection event can be triggered by a real count, following the photon absorption in the nanowire, or to dark counts [12] . A non-recordable event, instead, can refer to the actual absence of a photon or to a situation in which an absorbed photon does not trigger a measurement signal because of insufficient deposited energy.
For many applications, photon-number resolving capabilities are desirable. Yet unless additional elements are introduced [13] [14] [15] [16] , SNSPDs cannot be directly used as photonnumber resolving detectors. SNSPDs can be classified as threshold detectors. This suggests that, when operated at suitable conditions [1, [17] [18] [19] , they are able to distinguish only between the absorption of n photons or more, and less than n photons. This can be explained by considering the following detection mechanism model [12, [19] [20] [21] [22] [23] : the absorption of a photon in a superconducting nanowire generates a localized cloud of excited quasiparticles, called a hot-spot, with higher temperature than the ground state Cooper pairs. The hot-spot enhances the entry of a single magnetic vortex or the generation of a vortex-antivortex pair (VAP). Driven by the Lorentz force, the single vortex or the VAP crosses the nanowire, generating a normal-state region. The breakdown of the superconductivity leads to the appearance of a finite resistance of the nanowire, thus resulting in a recordable voltage pulse. If the supercurrent density is not sufficiently large, after the formation of the hot-spot the redistributed supercurrent density will not exceed the depairing current density, in which case the absorption of a single photon might not be sufficient for generating an output signal. Instead, the simultaneous absorption of two or more photons is required to achieve breakdown of the superconductivity. This is particularly true for low energy photons, such as telecom wavelength light around 1550 nm. In order that the multi-photon absorption generates a detection event, the consecutive absorption of individual photons has to occur not only in a limited region of the wire [24, 25] , but also in a timespan smaller than the original hot-spot lifetime (relaxation time) [19, 24] . This peculiarity of SNSPDs represents a limit for the single-photon operation but, on the other hand, it allows us to exploit this characteristic as a multi-photon correlator [26, 27] , in analogy with successful application of Transition Edge Sensors (TES) [28] . Having a two-photon correlator consisting of one single detector is beneficial to overcome the time uncertainty limitation introduced by the jitter of two detectors and the correlation counter, typically present in standard correlation setups.
In order to design a two-photon autocorrelator, it is fundamental to have a detailed understanding of the dynamics of the hot-spot under different working conditions. Recent studies on WSi [24, 29] demonstrate that bias current, wavelength, and temperature represent the three main parameters which affect the hot-spot relaxation time. Since the wavelength is determined by the general experimental requirements and the bath temperature tunability is typically a slow and limited process for many cryogenic systems, here we are limiting our study to the bias current dependence of the relaxation time for 1550 nm light at a constant bath temperature of 1.7 K.
Different studies have been performed in the past for determining the hot-spot relaxation time in NbN SNSPDs illuminated under normal incidence, but most of them were limited to a single bias current or a small current range [26, 27] . Here we present the results of pumpprobe experiments for determining the hot-spot relaxation time in NbN waveguide-integrated SNSPDs over a broad bias current range.
Experimental setup
Our device under test (DUT) consists of a 140 nm wide, 40 µm long U-shape nanowire fabricated by patterning a nominal 4 nm thick superconducting NbN film onto a 450 nm thick and 1.5 µm wide single mode waveguide made of stoichiometric Si 3 N 4 atop a SiO 2 layer on a bulk Si substrate [7] . We send two photon pulses separated by a variable delay onto the detector. By adjusting the bias current to low values, and by sending a high photon flux to the detector, it is possible to operate the nanowire in the two-photon detection regime [19] . In this way, the first pulse acts as a pump signal, which generates an initial hot-spot region in the nanowire without leading to a breakdown of superconductivity, while the delayed second pulse acts as a probe signal to read out the lifetime of the initial hot-spot. When measuring the detection probability as a function of the delay time between pump and probe pulse, an increased probability of registering a detection event results when the probe pulse reaches the nanowire within the hot-spot relaxation time. The detection probability distribution around the zero-time delay can be approximated by a Lorentzian distribution, whose half width half maximum (HWHM) defines the hot-spot relaxation time [24] .
The experimental setup used for our pump-probe experiment is depicted in Fig. 1 . The pump and probe pulses are generated by splitting a picosecond laser pulse (PriTel FFL-40M) in two by a 50:50 fiber splitter. The fiber-coupled laser provides optical pulses with 1 ps pulse duration at the DUT, with at a repetition rate of 40.125 MHz. The time delay between the two pulses is set by a calibrated variable fiber optical delay line (General Photonics MDL-002-560ps). The pulses are recombined by a 50:50 fiber splitter and then sent through a set of optical variable attenuators (2 x HP8156A) which are able to reach a maximum attenuation of 120 dB. The attenuated pulses pass through a polarization controller to optimize the transmission through the integrated nanophotonic circuit, which is situated in a helium-4 flow cryostat with a base temperature of 1.7 K. Optical setup: the two delayed pulses are generated injecting a single laser pulse to a MachZehnder interferometer consisting of two fiber beam splitters and a variable optical delay line. The pump and probe pulses are subsequently attenuated and send to the detector through a nanophotonic calibration circuit at the low temperature stage. A calibrated lightwave multimeter is used to determine the photon flux at the detector. (b) Electrical setup: a stable source is used to bias the detector through a bias tee and two low noise amplifiers are adopted to obtain a detection signal which can be registered by a pulse counter.
The SNSPD is biased through a bias tee (Mini-Circuits ZFBT-GW6 + ) by a stable voltage source (Keithley 2400) with a 1 MΩ series resistor. A low-pass filter is inserted in the biasing circuit to further minimize the source noise. The readout circuit consists of two low noise amplifiers (Mini-Circuits ZFL-1000LN + ) connected to a frequency counter (Agilent 53230A). In addition, a 12 GHz photoreceiver (New Focus 1554-B) connected to a 6 GHz oscilloscope (Agilent infiniium 54855A) is employed to monitor the zero-time delay position which has been adjusted, using additional fixed fibers segments, at the center of the fiber delay line range. To monitor the number of photons per pulse reaching the detector, a calibrated lightwave multimeter (HP 8135A) is used for measuring the input power and the transmitted optical signal from an on-chip reference port [7] . This allows us to take the variation in coupling efficiency of the focusing grating couplers into account, which depends on the relative position between the fiber array and the grating couplers, and can also vary for different devices due to fabrication imperfections. The average number of photons per pulse m that reaches the detector is calculated by considering the attenuated laser power P in , the femtosecond laser pulse repetition rate RR, the grating coupler coupling efficiency CE, the splitting ratio S = 0.5 of the integrated 50:50 Y-splitter, and the waveguide transmission WT, as follows:
From device characterization and system components stability measurements, the maximum relative uncertainty of the average input photon number m, during the overall measurement time, has been estimated to be 16 %.
Detection regime characterization
A preliminary investigation of the detector response is necessary to determine under which working condition SNSPDs operate in the two-photon detection regime. In agreement with our previous experimental results [19] , a single-photon source is not needed in order to demonstrate single-and multi-photon capabilities of SNSPDs. It is instead possible to use a strongly attenuated coherent source to measure the detection probability response depending on the input power and thus determine the detection regime of the DUT [11, 18, 30, 31] . The probability of detecting n photons in a coherent state α can be described by the Poisson distribution that, far from the detection probability curve saturation, can be approximated to [32] :
where 2 α is the average number of photons reaching the detector in a limited time-interval which, for pulsed coherent sources, is equal to the pulse duration [19] . By determining the detection probability as the ratio between the measured detector count rate and the pulsed laser repetition rate for known coherent input states, we find that the detection probability depends linearly on the input state (slope 1 in log-log scale) if the detector is sensitive to a single photon (n = 1), quadratically (slope 2 in log-log scale) if the detection is sensitive to two photon (n = 2), or at higher n-orders (slope n in log-log scale) for n photon threshold detection [26, 33] . Fig. 2 . Detection probability vs average number of photons per pulse at different bias current. The dashed lines represent a fit of the slope of the detection probability curve for singlephoton detection regime (red curve) and two-photon regime (blue curve). The horizontal black dashed line indicates the dark count level, which in this current range and is mainly limited by electronic noise and has a constant value of 25Hz. The vertical yellow solid line indicates the average input photon number used for the relaxation time experiment.
The measurement results are depicted in Fig. 2 , where it is possible to observe that, from a linear fitting, the detector used in this experiment is capable of two-photon sensitivity in a current range between 0.45 and 0.65 of the switching current I SW .
Pump-probe experiment
We performed the pump-probe experiment, keeping a constant illumination of 20 photons per pulse, while changing the bias current from 0.45 I SW to 0.7 I SW . The pump pulse is sent to the detector, while the probe pulse passes through the variable delay line and reaches the detector with a delay of t Δ with respect to the first pulse. The measurement results are shown in Fig. 3 . It can be seen that the two-photon detection probability increases for 0 t Δ → . This is expected due to the increased probability for an overlap in time between pump and probe hot-spots when the delay time between the two pulses decreases. 
Discussion
From the pump-probe experiment results, we observe that the increase of the probability is different in both amplitude and time for different bias currents. The amplitude difference can be attributed to the dependence of the detection probability on the photon detection regime of the DUT [24] . If the two pulses reach the detector at the same time (zero delay) far from saturation, the detection probability can be expressed as:
where, differently from [19] , n η denotes a generic efficiency parameter for the n-photon detection regime that was used as a free parameter in our fitting procedure. If the two pulses are separated by a time delay much longer than the hot-spot relaxation time, they can be treated independently and the detection probability is then given by:
By dividing the two contributions, we define the detection probability contrast as:
We conclude that the detection probability contrast depends only on the detection regime n within which the detector is sensitive. It is also interesting to note that the detection probability contrast for the same n-photon detection regime is independent of bias current and photon power, unless the variation of those parameters causes a change in the photon number detection regime. Therefore, for I b = 0.45 I SW , the detector works in a pure two photon regime (n = 2), since it shows a count contrast equal to 2. When determining the detection probability contrast at higher bias currents, one can obtain a non-integer number of the detection regime. We attribute this non-integer value to a transition region between single-and two-photon detection regimes. Inhomogeneity of the wire geometry, leading to the current crowding effect, or the presence of defects in the wire can result to a position dependent sensitivity. At particular bias and illumination conditions it is possible to find sections of the wire that are sensitive to a single-photon and other sections which are sensitive to two-photon, giving a non-integer average detection regime. This behavior is particularly evident in long nanowires and has not been observed in short nanowire detectors, that exhibit a more abrupt detection regime transition [34] . For currents higher than I b = 0.45 I SW , the pump signal has a higher probability of raising a detection event without the assistance of the second pulse absorption. This would mean that the efficiency of the events, which contribute to the pump-probe experiment, becomes lower; nevertheless, the final outcome in terms of relaxation time remains valid and only influences the signal-to-noise ratio. Fig. 4 . (a) Detection probability curve fitting result for a bias current of 0.65 I SW , following Eq. (6). The red shaded area represents the pure single photon working regime as defined by the range in which the photon regime dominates aver all the others by 3dB [20] . (b) Reconstruction of the detection regime obtained as the first derivative of the detection probability curve as defined in Eq. (7) for the raw data (dots) and the fitting results (solid line). The red shaded area represents the pure single photon working regime resulting from the calculation of the detection probability derivative. We note that the detector driven at 0.65 I SW can give a single-photon response only in a very small input photon flux range.
In order to exclude artifacts in the different relaxation curve heights and to validate the measurement technique also in a mixed detection regime, we independently reconstructed the expected detection probability contrast by fitting the detection tomography curve (Fig. 2) to extrapolate the photon detection regime n and subsequently using Eq. (5).
The fitting procedure has been performed according to the following equation:
using n η as a fitting parameter. The fitting results are reported in Fig. 4(a) where each single n DP is depicted with dashed lines, while the overall detection probability tot DP is depicted as a solid line. The dark count noise contribution has been included in the fitting, introducing a detection probability 0 DP with n = 0. The detection probability contrast is then calculated using Eq. (5), with n determined as: 10 10 (log ( )) 7). The solid contour lines indicate the pure n = 0 (Dark counts), n = 1 single-, and n = 2 two-photon detection regime. This map allows to have a straightforward understanding of the working conditions which have to be tuned in order to operate the detector in the desired photon sensitivity region. A similar map at different working temperatures and/or at different input photon wavelength could allow to have a complete operative description of the detector.
In Fig. 4(b) we show the extrapolated n from the fitted detection probability and, for comparison, from the measurement data. Both results are in good agreement, and consequently the technique can also be directly applied to raw data, although, the resulting curves would be more affected by noise. This fitting technique can be also adopted as an easy tool to extrapolate the working conditions, in terms of current and illumination, of the detector for the single-or multi-photon regimes. In Figs. 4(a) and 4(b) , the red shaded areas represent the illumination range where the DUT acts as a single-photon detector, when operated at 0.65 I SW . The pure detection regime is typically defined as the working range for which a particular detection mechanism dominates over the others by 3 dB or more [17] . In Fig. 4(a) , the red shaded area indicates the pure single-photon regime according to this definition, while in Fig. 4(b) we depict the single-photon regime area obtained by fitting the detection probability contrast. We believe that the latter definition is not only more accurate, since it can be experimentally confirmed by an independent pump-probe measurement, but also can be adopted as an alternative tool for conducting complete tomography of the detector working regimes, as depicted in Fig. 5 . Thus, when operating the detector in singleor multi-photon regimes, it is not only fundamental to control the biasing conditions, but also the illumination. We would like to point out that this could represent a limiting factor when the input photon flux is fixed and unknown. Therefore, an operative tomographic calibration of the device would be desirable before proceeding with any other experiment in order to determine a working point which would allow to minimize the contribution of the unwanted regimes. Fig. 6 . Reconstruction of the detection probability contrast at different bias currents, obtained by fitting the detection probability curve, as described in Eqs. (6) and (7), to obtain n and applying Eq. (5). The inset represents a comparison of measured and reconstructed detection probability contrast, exhibiting a good agreement.
We report in Fig. 6 the reconstructed detection probability contrast at different biasing conditions and illumination. Good agreement between the reconstructed results and the height of the measured relaxation curve in the pump-probe experiment is obtained, as shown in the inset of Fig. 6 .
We obtained the hot-spot relaxation time at different bias currents by determining the HWHM of the Lorentzian fit of the detection probability contrast versus delay time curves as shown in Fig. 7 . In NbN we observe a strong dependence of the hot-spot relaxation time on the bias current, as reported also for WSi detectors [24] , but, according to our quantitative prediction, with a smaller time-scale. The longer time has passed after the absorption of the first photon and the relaxation process, the smaller chance has a second photon to generate a vortex or a VAP and to produce a click. By increasing the bias current further towards the depairing current, even a small concentration of nonequilibrium quasiparticles, which is left over from the first hot-spot, is enough for generating a detection event. From a quantitative comparison between the response of the two materials, it is possible to conclude that the hotspot recombination in NbN is faster than in WSi [24] . In general, the hot-spot relaxation time is determined by the carrier diffusion D = L th 2 /τ th [35] , as well as by the quasiparticles recombination time τ rec [36, 37] . Due to the diffusion of the non-equilibrium quasiparticle in the initial phase of the thermalization process, the hot-spot size increases with reduction of the quasiparticle energy down to the superconducting energy gap ∆.
Further hot-spot relaxation is accompanied by a return to the superconducting state, due to quasiparticle recombination:
Considering that the quasiparticle relaxation process occurs in a hot-spot with a temperature T ≈T c , the exponential factor in Eq. (8) [38] while for NbN this time is on the order of ten picoseconds [39, 40] . This allows to predict a slow relaxation process in WSi in comparison with NbN. Furthermore, accounting for the diffusion process gives an increase in the relaxation rate for both materials. For applications in quantum correlation measurements it is desirable to have short relaxation times, in order to minimize the effect of pile-up with additional photon pairs, especially for sources with fast emission rate or for very small coherence times. On the other hand, WSi detectors have been shown to work in two-photon detection regime over a broader current range and exhibit superior performance in terms of efficiency saturation also in the two-photon regime. It is unknown whether this is related to the detectors' geometry or due to an intrinsic advantage of WSi, considering also its longer hot-spot relaxation time and bigger hot-spot interaction length [24] compared to NbN [25] . In this context, a careful examination of the detector geometry should allow to clarify this aspect.
By determining the relaxation time at 0.5 I SW for several detectors with similar geometry on the same chip, we obtain a relaxation time equal to (22 ± 1) ps, which is in agreement with previous results at the same biasing conditions [26, 27] .
Conclusion
In conclusion, we characterized hot-spot relaxation dynamics in NbN waveguide-integrated superconducting nanowire single photon detectors at different biasing conditions. By adjusting the bias current and the input photon flux, we operated the detector in the twophoton sensitivity regime, where the superconductivity can be broken only if two photons are absorbed within a short timescale, defined by the lifetime of the original excited quasiparticles cloud (hot-spot) in order to have two overlapping excited hot-spots within a spatially limited region of the wire. A pump-probe technique allows us to observe an increase of hot-spot relaxation time with the bias current, which is in agreement with theoretical predictions [29] . Further investigation of the NbN quasiparticle recombination time will allow to design more performant two or more photons single-detector autocorrelators, enabling the implementation of on-chip coincidence measurements of single-photon pairs generated by one or more waveguide-integrated single-photon sources [9] such as CNTs [10] with only one detector, overcoming the time uncertainty limitations of typical correlation measurement systems.
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